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Abstract Brachypodium distachyon is being developed
as a model system to study temperate cereals and forage
grasses. We have begun to investigate its utility to under-
stand seed development and grain Wlling by identifying the
major seed storage proteins in a diploid accession Bd21.
With the use of ID SDS–PAGE and mass spectrometry we
detected seven major storage protein bands, six of which
were identiWed as globulins. A subset of the major seed
proteins isolated from three hexaploid accessions, Bd4,
Bd14 and Bd17 were also identiWed as globulins. Several
Brachypodium cDNAs clones encoding globulin were com-
pletely sequenced. Two types of globulin genes were iden-
tiWed, Bd.glo1 and Bd.glo2, which are similar to maize 7S
and oat 12S globulins, respectively. The derived polypep-
tide sequences of the globulins contain a typical signal pep-
tide sequence in their polypeptide N-termini and two cupin
domains. Bd.glo1 is encoded by a single copy gene,
whereas, Bd.glo2 belongs to a gene family.

Introduction

Brachypodium distachyon is being developed as a model
system to study temperate cereals and forage grasses
(Draper et al. 2001; Hasterok et al. 2004; Vogel et al.
2006a, b). Brachypodium belongs to the subfamily Pooi-
deae, which includes economically important crops like
wheat, barley and oat. B. distachyon’s physical and geno-
mic attributes make it suitable for functional genomics

studies. Its small diploid genome (»355 Mbp) is just about
twice that of the dicot model plant Arabidopsis thaliana
(Bennett and Leitch 2005; Vogel et al. 2006a) and has a rel-
atively low repetitive DNA content (Catalan et al. 1995;
Hasterok et al. 2006). Its small physical stature, self-fertil-
ity, short lifecycle, simple growth requirements and compe-
tence to be eYciently transformed (Draper et al. 2001;
Christiansen et al. 2005; Vogel et al. 2006a) makes it ame-
nable for large-scale mutagenesis studies.

Rice (Oryza sativa) has been promoted as a model
organism for monocots because it is a major crop with a rel-
atively small genome (»451 Mbp). It already has fairly
well-developed genomics resources e.g. its genome has
been sequenced, thousands of ESTs and full-length cDNAs
are available, and mutant lines have been generated.
However, it is not an ideal system to address biological
questions speciWc to temperate grasses such as freezing
tolerance, vernalization requirements and cold-season crop
resistance to certain pathogens. Furthermore, its relatively
longer life cycle, large physical stature and special semi-
aquatic growth requirement makes working with rice
expensive and time-consuming. The development of Brac-
hypodium as an experimental model organism for grasses
will strongly complement rice.

In January 2006, an International Brachypodium Initia-
tive was formed to promote collaboration among research-
ers to develop genetic and genomic resources to establish
Brachypodium as an experimental system for biological
investigations in grasses (http://www.brachypodium.org/
IBI). A diverse collection of inbred diploid and polyploid
accessions has been shared (http://www.brachypodium.org/
Bd_Accessions.html; http://www.aber.ac.uk/plantpathol/
germplasm.htm). The sequencing of ESTs and the Brac-
hypodium genome is under way (http://www.jgi.doe.
gov/sequencing/why/CSP2007/brachypodium.html). BAC
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libraries have been constructed, molecular markers are
being characterized, mutagenized and mapping populations
are being generated.

With a large seed relative to its plant size, B. distachyon
will be suitable for studies in seed development and grain
Wlling. Unlike rice caryopsis, B. distachyon caryopsis mor-
phology includes a crease—a feature that has been of inter-
est to manipulate to increase the recovery of Xour from
milled crops like wheat and barley. With its small plant
size, self-fertility, good seed set, transformability and ease
of growth, mutational and molecular approaches could be
more conveniently utilized in B. distachyon to dissect and
manipulate grain morphology and biochemical pathways
with the aim to improve major cereals’ end-use quality.

To understand the process of grain Wlling, we have
begun to characterize the major seed storage compounds,
starch and storage proteins, and the enzymes involved in
their synthesis. In this paper, we report that globulins are
the major seed storage proteins in B. distachyon.

Materials and methods

Plant materials and protein gel electrophoresis

B. distachyon caryopses for accessions Bd4, Bd14, Bd17
and Bd21 were generously provided by Dr. John Vogel,
USDA-ARS, Albany, CA (Vogel et al. 2006a). Brachypo-
dium total seed protein was prepared by crushing a caryop-
sis between a glassine paper with a hammer and the
remains suspended in 200 �l PAGE loading buVer [2%
SDS, 50 mM DTT, 62.5 mM Tris (pH 8.5), 10% glycerol,
0.1 mg/ml pyronin] (Kasarda et al. 1998). In total, 2–3 �l of
protein extracts were loaded onto 4–12% acrylamide
Novex NuPAGE Bis–Tris gel (Invitrogen, Carlsbad, CA)
and separated using the Novex MES SDS running buVer.
Protein band molecular weights were estimated using
Multimark 12 (Invitrogen) proteins as molecular weight
markers. Gels were stained overnight using Brilliant
Blue G (Sigma–Aldrich, St. Louis, MO) and destained with
water. Gels were photographed and analyzed using the
Versadoc Quantity one software (Bio-Rad Laboratories,
Hercules, CA).

Mass spectrometry-based protein identiWcation

Protein-containing bands from SDS–PAGE gels were iden-
tiWed by electron spray ionization mass spectrometry as
previously described (Vensel et al. 2005). In preparation for
identiWcation by mass spectrometry the protein-containing
bands, excised from 1D electrophoretic (1DE) gels, were
deposited in a 96-well reaction plate from a DigestPro robot
(Itavis, Koeln, DE) that automatically performs destaining,

reduction, alkylation and tryptic digestion of the protein.
The sample receiving plate from the DigestPro was placed
in the autosampler that was interfaced to the QSTAR
PULSAR i quadrupole time-of-Xight (TOF) mass spectrometer
(Applied Biosystems/MDS Sciex, Toronto, CA). Gradient
RP-HPLC and QSTAR instrument parameters for operation
and data collection were as previously described (Vensel
et al. 2005).

Tandem mass spectra were extracted from the QSTAR
AnalystQS wiV Wles using Mascot Daemon (http://
www.matrixscience.com/). The software used to analyse
the MS/MS data Wles was obtained from the Global Prote-
ome Machine (GPM) organization. The local installation of
the GPM open-source software (http://www.thegpm.org/)
was used for visualization and analysis of the data. The
spectrum modeler X! TANDEM (Craig and Beavis 2004;
Fenyo and Beavis 2003) that is a part of the GPM software
was used to match MS/MS fragmentation data to peptide
sequences using X! Tandem (version 2005.06.01.2) that
had been conWgured to search a Wle containing 185,450 pro-
tein sequence entries from the NCBI nonredundant data-
base (050601). The Wle contained sequences from the NCBI
nr-Other-Viridiplantae.fasta, nr-Arabidopsis-thaliana.fasta,
nr-Oryza-sativa.fasta sequences as well as a copy of the
cRAP.fasta (common repository of adventitious proteins)
available at www.thegpm.org. X! Tandem was conWgured
to operate assuming that the digestion enzyme trypsin was
used. The iodoacetamide derivative of cysteine was speci-
Wed in X! Tandem as a Wxed modiWcation. Oxidation of
methionine and iodoacetamide derivative of cysteine were
speciWed in X! Tandem as variable modiWcations. Leucine
and isoleucine are isobaric (similar mass) and cannot be
distinguished by the analysis.

Globulin cDNA clone identiWcation and characterization

DNA sequences of globulin genes for proteins that matched
the Bd21 protein band were obtained from NCBI database.
The gene sequence was used to query the Brachypodium
EST database at http://wheat.pw.usda.gov/bEST. Identity
of the putative Brachypodium globulin clones were veriWed
by DNA sequencing.

DNA sequencing and analysis

Plasmids from Brachypodium cDNA clones were isolated
and puriWed using the QIAGEN Spin Miniprep Kit (Valen-
cia, CA). The nucleotide sequence of the cDNA inserts
were determined using the ABI Prism BigDye Teminator
v3.1 Cycle Sequencing kit and the ABI 3730 Genetic
Analyzer (Applied Biosytems, Foster City, CA). The
sequencing reaction was carried out in a 10 �l volume con-
taining 300–500 ng DNA template, 3.2 pmol primer, 0.5 �l
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BigDye Terminator and 2 �l 5£ sequencing buVer. The
cycle sequencing was carried out in an MJ Tetrad Thermo-
cycler with the following conditions: 96°C for 5 min, fol-
lowed by 40 cycles of three-step PCR (rapid ramp to 96°C
for 10 s, rapid ramp to 50°C for 5 s and rapid ramp to 60°C
for 4 min.). The initial gene-speciWc primers were designed
from the original EST sequence or from the sequence
derived using an M13F universal primer. Subsequent gene-
speciWc primers were designed from the resulting
sequences until the whole cDNA clone was fully sequenced
at 3£ or more coverage.

Sequence data were analyzed using the SeqMan and
MegAlign software from DNAStar (Madison, WI) and Jal-
view. SignalP 3.0 server was used to predict the putative
signal peptide (Bendtsen et al. 2004) from the deduced pro-
tein sequence.

Southern hybridization

Approximately 10 ug of B. distachyon Bd21 genomic DNA
was digested with restriction enzymes HindIII, EcoR1,
BamH1, SacI, SacII and SstI; resolved in a 1% agarose gel
and transferred by capillary action onto a GeneScreen Plus
membrane (NEW Research Products, Boston, MA). DNA
was cross-linked to the nylon membrane by UV-light treat-
ment at 200 mJ using a Stratalinker (Stratagene). The blot
was hybridized with 32P-labeled DNA probe in 20–40 ml
hybridization buVer (15% formamide, 0.2 M sodium phos-
phate pH 7.2, 1 mM EDTA, 1% bovine serum albumin, 7%
SDS) at 58°C overnight. After hybridization, the blot was
washed twice in 2 £ SSC–1.0% SDS at 58°C, and twice at
0.2 £ SSC–0.1% SDS at 65°C for 30 min each under con-
stant agitation. The hybridization signals were detected by
exposing the blot on a KODAK X-OMAT Wlm (Eastman
Kodak Co., Rochester, NY). The probes were generated by
amplifying fragment of the cDNA clones using gene-speciWc
primers. AmpliWed products were puriWed using a QIAquick
PCR PuriWcation kit (QIAGEN Inc., Valencia, CA).

Results

IdentiWcation of the major seed storage proteins

To identify the major seed storage proteins in B. distachyon
accession 21 Bd21), total protein from two caryopses were
independently extracted and resolved in a denaturing 1D
polyacrylamide gel (SDS–PAGE). Seven dominant bands
ranging from 20 to 57 kD in size were visualized after
staining (Fig. 1). When total protein was extracted from
caryopses with excised embryos, the same seven prominent
bands were observed suggesting that these proteins are pri-
marily from the endosperm.

Each of the seven major bands was separately excised
from the gel for protein analysis by mass spectrometry.
Two bands that migrated close to other proteins were care-
fully separated: the upper protein band at 29 kD and the
lower protein band at 20 kD were designated protein bands
5 and 7, respectively. Table 1 shows the sequences of the
peptides that gave the closest match to the spectra of the
trypsin-digested protein fragments derived from each band.

Protein bands 1 and 2 gave the same peptide sequence of
VAVLEANPR. A database search showed that this peptide
sequence is present in the partial sequence of Globulin-1
(Glb1) encoded protein derived from Zea mays subsp. par-
viglumis (GenBank accession AAC31462) (Hilton and
Gaut 1998). Glb1 encodes a 7S globulin, which is the major
storage protein found in maize embryo and aleurone tissue
(Belanger and Kriz 1989; Kriz and Schwartz 1986), and
maps in the long arm of maize chromosome 1 (Schwartz
1979).

Two to three protein fragments—identiWed from band 3
indicate that band 3 protein is similar to oat 12S globulin
protein (GenBank accession 1515394A). The 12S globulins
are the major storage proteins in oat endosperm (Brinegar
and Peterson 1982; Chesnut et al. 1989).

Bd21 protein band 4 gave two diVerent peptide
sequences both of which correspond to unknown proteins
sequenced from rice.

Peptides derived from band 5 are similar to a subset of
those obtained for band 3. Protein database search shows
that band 5 is also most similar to the oat 12S globulin that
was identiWed for band 3 protein. Some of the fragment
sequences obtained for bands 6 and 7 also overlapped with

Fig. 1 SDS–PAGE of reduced Brachypodium total seed proteins,
(1–2) whole caryopsis (3–4) endosperm section (5–6) embryo section.
The number adjacent to the major protein bands is the designated band
ID for each protein. A diagram of a Brachypodium caryopsis on the
right indicates where the cut was made to separate the endosperm from
the embryo section (embryo designated by dark area). The estimated
size of each molecular weight marker band (in kiloDaltons, kD) is
indicated on the left
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the sequences derived from band 3. Bands 6 and 7 show
similarity to rice globulin proteins known as glutelins,
which are the major endosperm storage proteins in rice
(Higuchi and Fukazawa 1987; Okita et al. 1989; Yamagata
et al. 1982).

Globulins are the major seed storage proteins 
in other Brachypodium lines

To further verify whether globulins are the major storage
proteins in B. distachyon, the identities of major seed stor-
age proteins in three other accessions were also determined
by SDS–PAGE and mass spectrometry (Table 2). The iden-
tities of a subset of the major bands resolved in an SDS–
PAGE gel as shown in Fig. 2 indicates that globulins are
also the major seed storage proteins in Bd4, Bd14 and
Bd17, three accessions with hexaploid genomes (Vogel
et al. 2006a).

Bd4 57 kD protein (band1) contains the peptide
sequence VAVLEANPR that matched the sequence of
AAC31462, maize Glb1 globulin protein, the same protein

that was identiWed for band 1 of Bd21. Bd14 band 5
detected two peptides SQAGITEYFDEQNEQFR and
FDVNNNANQLEPR, which are similar to those obtained
for Bd21 band 3.

Three protein bands in Bd17 gave detectable fragments.
Two peptides were obtained for band 4: GRIT-
HLNSKNFPTLNLVQMSATR and ALPVDVLANAYR.
A protein database search identiWes Bd17 band 4 to be sim-
ilar (E value 10¡10.3) to oat 12S globulin protein 1515394A
as identiWed by Bd21 band 3. Bd17 band 7 peptide (CTGV-
FIR) matched CAA54153, another 12S globulin from oat.
Band 8 peptide (SQAGITEYFDEQNEQFR) best matched
oat 12S globulin 1515394A, similar to the protein identiWed
as Bd21 band3.

IdentiWcation and sequencing of the Brachypodium 
globulin cDNA clones

More than 20,000 Brachypodium ESTs from Wve diVerent
cDNA libraries have been sequenced and are available in
the GenBank database (Vogel et al. 2006a). To identify

Table 1 Peptides from Bd21 identiWed by mass spectrometry

Blank space indicates that no peptide fragment was successfully identiWed. Best hit Genbank accession ID in column 5 refers to candidate protein
identiWed by BlastX that best matched the peptides in columns 3 and 4

Protein band Size (kD) Caryopsis 1 peptides Caryopsis 2 peptides Best hit GB ID E value Protein ID

1 57 VAVLEANPR AAC31462 ¡1.4 Globulin

2 52 VAVLEANPR VAVLEANPR AAC31462 ¡1.3 Globulin

AAC31462 ¡1.2

3 50 SQAGITEYFDEQNEQFR SQAGITEYFDEQNEQFR 1515394A ¡20.8 Globulin

VFDVNNNANQLEPR 1515394A ¡24.8

ALPVDVLANAYR

4 42 QTSGINNHVREGEDPQK CQAQPSRAQPPPPSTPM XP_450420 ¡1.3 Unknown

XP_449986 ¡1.9

5 29 SQAGITEYFDEQNEQFR SQAGITEYFDEQNEQFR 1515394A ¡1.9 Globulin

VFDVNNNANQLEPR 1515394A ¡6.5

6 25 PILNLVQLSATR BAD28627 ¡27.5 Globulin

TNANSMVSHLAGK

ANSMVSHLAGK

PVDVIANAYR

7 20 SSIFRALPTDVLANAYR 1311273A ¡9.4 Globulin

Table 2 Peptides from Bd4, Bd14 and Bd17 identiWed by mass spectrometry

Protein band ID refers to the position of the major bands in a lane in Fig. 2. Best match Genbank accession ID in column 4 refers to candidate
protein identiWed by BlastX that best matched the peptides in column 3

Accession Protein band ID Peptide(s) Best hit GB ID E value Protein ID

Bd4 1 VAVLEANPR AAC31462 ¡1.3 Globulin

Bd14 5 SQAGITEYFDEQNEQFR FDVNNNANQLEPR 1515394A ¡5.8 Globulin

Bd17 4 GRITHLNSKNFPTLNLVQMSATR ALPVDVLANAYR 1515394A ¡10.3 Globulin

Bd17 7 CTGVFIR CAA54153 ¡1.8 Globulin

Bd17 8 SQAGITEYFDEQNEQFR 1515394A ¡1.9 Globulin
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Brachypodium clones that potentially code for the above
major seed proteins, the DNA sequences for the candidate
protein that best matched each of the Bd21 protein bands
were obtained from GenBank using TBLASTN (Altschul
et al. 1990). The DNA sequences were then used to query a

Brachypodium EST database (http://wheat.pw.usda.gov/
bEST). The EST clones identiWed were resequenced to ver-
ify their identity.

To obtain cDNA clones coding for Bd21 band 1 or band
2 polypeptides, the partial sequence for maize globulin
gene AF064219 (from which AAC31462 protein sequence
was deduced) was used. Only one EST clone, generated
from the callus cDNA library, was identiWed (at E value
7 £ 10¡35). The cDNA clone contains a 1.778 kb insert and
analysis of its sequence indicated that it encodes a globulin
gene, herein designated Bd.glo1, with the deduced polype-
tide sequence containing the peptide VAVLEANPR
(Fig. 3). It is not clear, however, whether this clone codes
for the globulin protein found in the seed. The sequence of
the full insert of Bd.glo1 cDNA did not end in a poly-A tail
suggesting that it may be incomplete. To verify whether the
cDNA has an incomplete clone, the full sequence of the
derived protein and DNA sequence of Bd.glo1 were used to
query the NCBI protein and DNA database. A vicilin-like
7S globulin protein from maize gave the best match (E
value 6 £ 10¡120) to BD.GLO1 and a barley 7S globulin
gene best match (E value 2 £ 10¡83) to Bd.glo1 DNA
sequence. The sequence of BD.GLO1 is missing the last 57
amino acids of the polypeptide compared to maize 7S glob-
ulin protein and 22 residues compared to the protein
derived from the barley 7S globulin gene (data not shown),
indicating that Bd.glo1 encodes a partial globulin gene.

Oat 12S globulin 151539A, which best matches Bd21
protein band 3, has 99.6% identical sequence to the deduced

Fig. 2 SDS–PAGE polypeptide patterns of Brachypodium distachyon
caryopsis proteins (1–2) Bd21, diploid; (3–4) Bd17, hexaploid; (5–6)
Bd14, hexaploid; (7–8) Bd4, hexaploid. Arrows indicate bands that
gave detectable peptides and whose identities were determined by mass
spectrometry: Bd17 bands 4, 7 and 8; Bd 14 band 5 and Bd4 band 1

Fig. 3 Protein sequence alignment of BD.GLO1 and maize 7S globu-
lins. The deduced polypeptide sequence of BD.GLO1 was aligned with
maize 7S globulins accession AAC31462 and CAA41809. Identical
sequences are indicated by shaded residues. The arrow at the top of the

strand indicates the putative cleavage site of the presumed signal pep-
tide. The boxed sequence corresponds to the peptide sequence detected
by mass spectroscopy for Bd21 protein band 1 and 2. The solid circle
indicates the potential cleavage site for asparaginyl endopeptidase
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polypeptide from M21405. M12405 as a query sequence
identiWed six similar Brachypodium ESTs with an E value
of 10¡10 or lower, all of which were from the Brachypodium
seed cDNA library. Four of the clones were successfully
resequenced (two failed to grow). Full-length sequences of
the cDNA clones indicate that three were similar to oat 12S
globulin and one was a prolamin-like gene. One of the 12S
globulin-like clones was a pseudogene (data not shown).
The other two, herein designated Bd.glo2a and Bd.glo2b
cDNAs, are 99.2% identical to each other. The 1.640 kb
Bd.glo2a and 1.657 kb Bd.glo2b sequences diVered only in
three nucleotides, one at the 5� UTR and 2 at the 3� UTR. It
is possible that these two cDNAs are allelic transcripts of
the same gene. The identical deduced polypeptides from
Bd.glo2a and Bd.glo2b are 69.8% similar to oat 12S globulin
151539A polypeptide sequence (Fig. 4).

The rice DNA sequence for XM_450420, which encodes
an unknown protein similar to Bd21 band 4, did not iden-
tify any Brachypodium ESTs from the database.

The candidate genes that best matched Bd21 protein
bands 5–7 identiWed the same set of ESTs identiWed for
protein band 3.

Brachypodium globulin protein structure

The primary sequences of the derived proteins from
Bd.glo1 and Bd.glo2 show the typical domains found in 7S
and 12S globulins, respectively (Figs. 3, 4). These globu-
lins are synthesized as preproteins, which undergo proteo-
lytic processing during maturation and deposition into
storage organelles. Both the amino termini of the derived

polypeptide of BD.GLO1 and BD.GLO2 displayed the
canonical features of a signal peptide: a basic residue near
the N-terminus and a leucine-rich hydrophobic core.
Although the exact cleavage site has not been determined
by N-terminal sequencing, the cleavage sites most likely
occur between residue A24 and S25 in BD.GLO1 and
between residue A24 and Q25 in BD.GLO2 based on von
Heijne’s rule for specifying signal peptides (Bendtsen et al.
2004; von Heijne 1986). BD.GLO2 without the 24 amino
acid signal peptide results in a 50.7 kD protein which is
close to the size determined for Bd21 band 3 protein.

Earlier reports have shown that as globulin protein is
transported and deposited in the storage vacuoles, a speciWc
post-translational cleavage occurs resulting in a mature
subunit consisting of basic and acidic polypeptides (Jung
et al. 1998; Walburg and Larkins 1983). The cleavage, cat-
alyzed by an asparaginyl endopeptidase, occurs after an
asparagine that is usually followed by a glycine residue.
This conserved cleavage site is usually located seven amino
acids before the cysteine residue involved in the disulWde
linkage between the acidic and basic polypeptides (Jung
et al. 1998). BD.GLO1 only has one potential cleavage site
between N79 and G80. However, the downstream cysteine
residue was absent. BD.GLO2 has six potential cleavage
sites, but only two are located in a hydrophilic region of the
protein (data not shown) that are likely to be available for
enzyme action. Of the two it is more likely that N291–
G292 is the cleavage site since it is the only pair followed
by a cysteine residue at the right position.

Cleavage of BD.GLO2 between N291 and G292 will
result in an acidic 29.7 kD polypeptide (with deduced

Fig. 4 Protein sequence alignment of BD.GLO2 and oat 12S globulin.
The deduced polypeptide sequence of BD.GLO2 was aligned with oat
12S globulin accession AAA32720. Shaded residues indicate identical
sequences. The arrow at the top of the strand indicates the cleavage site

of the putative signal peptide. The boxed sequences correspond to the
peptide sequence detected by mass spectroscopy for Bd21 protein
bands 3, 5–7. The solid circle indicates the potential cleavage site for
asparaginyl endopeptidase
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isoelectric point of 6.0) and a basic 22 kD polypeptide
(deduced isoelectric point of 9.1). These two polypeptides
closely match the size of Bd21 protein bands 5 and 7,
respectively. The derived sequence for the acidic 29.kD
polypeptide contains the sequence for the peptides deter-
mined for band 5, whereas the sequence of the basic 22 kd
polypeptide closely matches the sequence for the peptide
determined for band 7. Thus, it is possible that Bd21 bands
5 and 7 are bi-products of the cleavage of proteins in
band 3.

Both BD.GLO1 and BD.GLO2 are members of the cupin
superfamily of proteins (Dunwell 1998; Dunwell et al. 2001;
Khuri et al. 2001; Marchler-Bauer and Bryant 2004). Each
protein contains two of the conserved cupin domains, thus
are categorized as bicupins. The cupin domain contains a
conserved beta-barrel structure, which was Wrst described in
wheat germins, thermostable glycosylated proteins produced
during germination (Lane et al. 1991). Extensive sequence
analysis has now identiWed representative members of this
protein family in both prokaryotes and eukaryotes (Dunwell
et al. 2000, 2004). The major seed storage globulins in plants
(i.e. vicilin, legumin, glycinin, glutenins) are members of this
family (Dunwell 1998).

Southern hybridization analysis

Southern hybridization analysis of Bd21 genomic DNA
indicates that Bd.glo1 hybridized strongly to a single band
suggesting that it is a single copy gene. Bd.glo2, on the
other hand, hybridized strongly to multiple bands implying
that it belongs to a gene family (Fig. 5). Cross hybridization
was not observed between the two gene probes at the strin-
gency used. This was expected since the Bd.glo1 and
Bd.glo2 are only 11.3% similar at the nucleotide level.

Discussion

The phylogenetic placement of Brachypodium makes it a
more appropriate system than rice, the traditional monocot
model organism, to explore agronomic traits of interest in
temperate grasses, which includes important crops like
wheat, barley and oat.

To begin to investigate its utility as an experimental
model plant and to dissect grain development and grain Wll-
ing we identiWed its major seed storage proteins. Storage
proteins account for about half the seed proteins in cereals,
and are a major source of protein in human diet. Under-
standing the mechanism of seed storage protein synthesis,
traYcking and deposition could provide insights into devel-
opment of eVective approaches to improve cereal grain
nutritional quality and functional properties in end-use
products.

Plant proteins are traditionally classiWed based on their
solubility in a series of solvents. Water-soluble proteins are
classiWed as albumins, saline-soluble proteins as globulins
and alcohol-soluble proteins as prolamins. Proteins in these
solubility classes are present in seeds but one type usually
predominates in diVerent plant families. For example, glob-
ulins are the predominant storage proteins in rice and oat,
whereas, prolamins predominate in maize and in Triticeae
(wheat, barley and rye). Progress in genomic techniques
and the development of analytical algorithms designed to
compare sequences, however, has led to the explosion of
deduced protein sequences that has uncovered similarities
in molecular structure among proteins in diVerent protein
solubility classes. Our understanding of the evolutionary
relationship between seed storage proteins will greatly
improve with the identiWcation of members of each protein
family based on molecular domain similarities. Whole genome
sequences from model organisms like Brachypodium will
propel progress towards this goal.

Brachypodium seed storage globulins

Six of the seven major protein bands of Brachypodium seed
extracts resolved on 1DE gels are globulins ranging in size
from 20 to 57 kD. These globulins fall into two classes, the
7S (vicillin-like) and 12S (legumin-like) globulins. It has
been previously reported that both the types of globulins
undergo post-translational proteolysis and modiWcation as
they are synthesized into the endoplasmic reticulum and
deposited in the storage vacuoles. The legumin-like globu-
lins are cleaved into basic and acidic polypeptides upon

Fig. 5 Southern blot analysis of Bd21 genomic DNA using Bd.glo1
and Bd.glo2 as probes. Brachypodium genomic blots hybridized with
A. Bd.glo1 and B. Bd.glo2. The restriction enzymes used to digest the
genomic DNA areas follows: lanes 1: HindIII 2: EcoR1 3: BamH1 4:
SacI 5: SacII and 6: SstI. Sizes of molecular markers (in kilobase pairs
nucleotide, kb) are indicated on the right side of the panels
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maturation. Bd21 protein band 3, 5–7 belong to the legumin-
like globulins.

We hypothesize that the three smaller bands (5–7) may
be derived from the cleavage of a precursor protein similar
to band 3. Consistent with this hypothesis, Bd.glo2, the
seed globulin cDNA clone identiWed encodes a 493 amino
acid preprotein (BD.GLO2) of 54.7 kD in size. Cleavage of
the putative 24 amino acid signal peptide at the N-terminus
of its polypeptide will yield a 50.7 kD protein, which is
similar to the size of Bd21 band 1 protein. BD.GLO2 also
contains a conserved cleavage site for asparaginyl endopep-
tidase, which cleaves globulins to basic and acidic polypep-
tides. The cleavage of the 50.7 kD BD.GLO2 between
N291 and G292 residues would yield a 202 amino acid
basic polypeptide and a 267 amino acid acidic polypeptide.
The 22.3 kD basic polypeptide is well within the size of the
20 kD and 25 kD Bd21 protein bands 6 and 7. The 29.7 kD
acidic polypeptide, on the other hand, correlates well with
the size of Bd21 protein band 5. Furthermore, the 22.3 kD
basic polypeptide contains the sequences for peptides
derived from Bd21 protein bands 6 and 7, whereas, the
29.7 kD acidic polypeptide contains the sequences of the
peptides derived for Bd21 protein band 5 by mass spec-
trometry. The acidic and basic polypeptides correspond to
the N-terminal and the C-terminal halves of BD.GLO2. Our
Southern blot analysis indicates that Bd.glo2 belongs to a
gene family. Bd21 protein bands 6 and 7 may be C-terminal
halves of proteins encoded by two distinct members of
Bd.glo2 family.

Cupin family

The cupin family is comprised of proteins with a common
beta-barrel structure. The family includes proteins from
both prokaryote and eukaryote in origin. The cupin motif
can be present in one or more copies in a protein. In
plants, it is found as a single domain in fern sporulins and
wheat germins/oxalate oxidase proteins, whereas, two
domains are present in several seed storage globulins e.g.
maize 7S and oat 12S globulins. Analysis of cupins
identiWed at least 18 diVerent functional classes including
cell wall synthesis, desiccation-tolerance, defense response
and transcription regulation of genes (Dunwell et al.
2001, 2004).

The two classes of globulin genes in Brachypodium,
Bd.glo1 and Bd.glo2, identiWed here are only 11% similar at
the nucleotide level but their deduced proteins share the
same molecular motifs, identifying them as members of the
cupin superfamily. BD.GLO1 protein sequence is more
similar to other plant bicupins like a sucrose binding pro-
tein from Vicia faba (AJ292221, 31%) and a globulin from
wheat (WHTGLB1A, 54%) than to BD.GLO2. Conversely,
BD.GLO2 protein is more similar to triticin (AAB27108,

54%), another wheat globulin, and to oat 12S globulin
(AAA32720, 69.8%) than to BD.GLO1.

Brachypodium is evolutionarily closer 
to Avena than Triticum

The phylogeny of the grass family based on the combined
data from chloroplast restriction sites, sequences of six
nuclear encoded genes and plant morphology shows that
Brachypodium is ancestral but equally closely related to
Avena and Triticum (Kellogg 2001). Although both glob-
ulin and prolamin-like proteins are present in Brachypo-
dium, like in Avena, globulins are its major seed storage
proteins. Data from this work would imply that globulins
are the ancestral storage protein (since they are found in
Avena and Brachypodium), whereas prolamins are
derived in the Triticeae. It would be interesting to deter-
mine whether the switch to prolamins as the main seed
storage proteins in Triticum after it diverged from Avena
occurred before or after it separated from Bromus. Analysis
of the promoters and expression of globulin genes from
these sister pooids might provide fundamental insights into
the regulation and evolution of seed storage proteins in
grasses.

Concluding remarks

The Brachypodium globulin genes identiWed in this study
could serve as a biomarker to study the processes behind
grain Wlling and a vehicle to dissect seed storage biology in
cereals. The new globulin gene sequences from Brachypo-
dium could be used in comparative studies of seed storage
protein evolution in plants. With the ease of transforming
Brachypodium and the availability of its sequenced
genome (www.Brachypodium.org) Xuorescent tagged
globulin proteins could be used as in planta biosensors to
dissect the regulation of storage protein synthesis, accumu-
lation, transport and deposition into protein bodies and
degradation during seed germination. Because Brachypo-
dium is amenable to large-scale mutagenesis projects,
Brachypodium overexpressing a globulin transgene fused
to a selectable marker can be used to identify genes that
regulate seed storage protein gene expression. As in Brac-
hypodium, most cereal seeds contain both saline-soluble
globulins and alcohol-soluble prolamins. Globulins have
been shown to be easier to digest and contain a more bal-
anced set of the amino acids essential to the human diet
compared to prolamins. Understanding the regulation of
seed storage protein in Brachypodium could provide new
knowledge that could be used as a basis for the development
of cereals with a wider spectrum of seed protein content
and quality.
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